Abstract-The effect of the copper sulfate, hydrazine, and gelatin concentrations, as well as of the Bloom strength of gelatin, pH, and synthesis temperature on the formation of copper nanoparticles via copper(II) sulfate reduction with a hydrazine solution has been evaluated. Conditions for the formation of oxidation-and aggregation-resistant concentrated (up to 0.4 M) copper metal hydrosols have been found. According to the transmission electron microscopic data, the resulting hydrosols contain metallic copper nanoparticles shaped as polyhedra with six poorly defined facets, having an average size of 30-60 nm, stabilized by a gelatin layer (2-3 nm).
Only relatively recently the possibility of synthesizing concentrated copper sols with the use of gelatin as stabilizer was revealed. In particular, we have developed a method for the synthesis of concentrated (0.01 M) copper hydrosols stabilized with gelatin and its derivatives using environmentally friendly reducing agents, ascorbic acid and glucose [8] [9] . A high stabilizing power of gelatin compared to other commonly used stabilizers (sodium dodecyl sulfate, cetyltrimethylammonium bromide, carrageenan, Gammaksan, polyvinyl alcohol, etc.) has been demonstrated. Moreover, as a product of collagen denaturetion, gelatin exhibits high biocompatibility, nontoxicity, and gelling properties. Also, gelatin nanoparticles themselves have attracted considerable research interest, in particular as potential drug carriers [10] .
Use of hydrazine with its higher reducing power allows synthesizing smaller particles and increasing significantly their yield and formation rate [11] . The reported reduction of a CuO suspension (0.6-1.0 M) in gelatin with hydrazine [12] [13] [14] gave copper nanoparticles in a low yield and besides with a size of 200-300 nm. The reduction of copper(II) solutions with hydrazine was carried out, also in the presence of gelatin [7, 15] , and yielded copper nanoparticle hydrosols with metal concentrations from 0.005 [7] to 0.05 M [15] . However, the influence of the reaction parameters on the nanoparticles formation has been negligibly addressed in those studies.
Thus, there are no published reports describing methods for synthesizing stable and highly concentrated (≥0.1 M) hydrosols of metallic copper nanoparticles by direct reduction of copper salts with hydrazine in the presence of gelatin. Accordingly, the DOI: 10.1134/S1070363216110220 aim of this study was to evaluate the effect of the reaction parameters on the formation of concentrated copper hydrosols.
Copper(II) ion reduction with hydrazine is described by Eq. (1) and is accompanied by the formation of bright red colloidal copper solutions.
Copper metal sols possess their characteristic red color due to resonant absorption at 560-600 nm, induced by surface plasmon resonance (SPR). Oxidation and/or aggregation of the particles cause the SPR peak intensity to decrease, and the absorbance near 750 nm, to increase [16] . To evaluate the effect of the reaction conditions on the process of producing copper nanoparticles we chose the quantity b, which is the difference between the intensities of the SPR maximum and of the absorbance maximum at 750 nm, as the main parameter for the process optimization. We believe that parameter b simultaneously characterizes the amount ("yield") of the nanoparticles and their stability against aggregation and oxidation. Also, the use of this parameter simplifies and visualizes the analysis of large data sets.
Aqueous gelatin solutions are known to be prone to forming stable gels. 2 are taken for the high, medium, and low bloom strengths, respectively. For this study we chose gelatin with three bloom strengths: 60, 180, and 250 g/cm 2 .
The copper hydrosols stabilized with the gelatin of the above-indicated bloom strengths exhibited an SPR peak around 577 nm (Fig. 1a) . However, as the gelatin strength increased from 60 to 180 g/cm 2 the SPR maximum intensity, and especially the parameter b (Fig. 1b) , sharply increased; as the gel strength further increased to 250 g/cm 2 these parameters decreased to a certain extent, which might be due to the unfavorable effect of gelatin viscosity. Because of greatly improved reproducibility of the results in the case of 250 g/cm 2 bloom strength (gel 250 bloom) gelatin we chose to use it for the subsequent experiments.
Examination of how the copper nanoparticles formation was affected by the gelatin concentrations within 1-10 wt % (Fig. 2a) showed that, at <1 wt % concentrations gelatin was ineffective in stabilizing copper nanoparticles, and a metallic copper precipitate was formed. This may be due to the fact that gelatin gel is typically formed at >1% gelatin content in solution [17] . However, already at 3-5% gelatin concentrations the yield of the nanoparticles (the SPR peak intensity) reached a limiting value and remained virtually unchanged with further increase in the Interestingly, with increasing gelatin concentration the copper hydrosols exhibited a linear red shift of the SPR peak from 570 to 592 nm (Fig. 2b) . This effect requires further study; it may be associated both with an increase in size or aggregation of the particles and with thickening of the dielectric gelatin shell on the metallic core. For example, the formation on the metallic particle surface of a shell whose dielectric constant exceeds that of water (2.34 for gelatin against 1.77 for water [18] ) should lead to a linear red shift of the SPR peak [16] . Furthermore, the acceptor groups of the protein can decrease the electron density on the particle surface, inducing a red shift of the SPR peak as well [19] . Figure 3 shows how the copper hydrosol formation was affected by the synthesis temperature within the 24-100°C range. As the temperature increased from 24 to 100°C the SPR peak intensity nearly doubled, indicating a significant increase in the yield of the particles, and the process was also substantially accelerated (the nanoparticles formation time decreased from 60 to 10 min). Moreover, an increase in temperature caused a significant blue shift of the SPR maximum from 604 to 580 nm (Fig. 3b) , evidently due to the formation of smaller nanoparticles [20] . Thus, the process temperature is a key factor in the synthesis of copper nanoparticles with controlled size.
Copper(II) ions are reduced with hydrazine in a twostep process by the scheme: In aqueous solutions this process most often terminates with the formation of a stable Cu 2 O phase, whose further reduction to Cu 0 is kinetically hindered. The Cu 2 O formation step can be avoided through the use of ammonia which forms water-soluble complexes of Cu(I) and Cu(II) [21] [22] [23] .
In the course of synthesis ammonia was added to a mixture of copper(II) sulfate and gelatin solutions prior to introduction of the reducing agent. The ammonia concentration in the system was monitored by pH of the resulting reaction mixture. As seen from Fig. 4 , a maximal amount of the copper nanoparticles formed (maximal parameter b) was achieved at pH within 7-9. At lower ammonia concentrations copper underwent incomplete reduction to Cu 2 O. At pH > 9.0, the nanoparticles might undergo partial dissolution facilitated by the formation of copper ammonia complexes. The SPR peak position was pH-independent within the experimental error.
For the synthesis of nanoparticles we used 0.3 M copper(II) solution; the hydrazine concentration was varied within 0.4-2.0 M. The nanoparticles yield (Fig. 5a ) tended to continuously increase as the concentration of the reducing agent increased to 1 M, whereupon it decreased slightly, probably due to dissolution of the copper nanoparticles in hydrazine excess to form copper hydrazinate, as we observed earlier [11] . With increasing concentration of the reducing agent the SPR peak position gradually shifted to shorter wavelengths, indicating the formation of smaller particles.
Next, we examined how the copper nanoparticle sol formation was affected by the copper(II) sulfate concentrations of 0.03-1.50 M (Fig. 6) , while all the other reaction parameters were screened during the optimization study performed. The SPR maximum intensity and the parameter b exhibited an increasing trend with initial copper(II) sulfate concentration increasing to 1.2 M, whereupon they sharply decreased, with metallic copper (a copper mirror) being deposited in the system. Our results show that, under the experimental conditions chosen, it is possible to prepare copper sols with metal concentrations up to 0.4 M, which preserve resistance against aggregation and oxidation for 1-2 months at avoiding contact with atmospheric oxygen.
The copper sols obtained under optimal conditions were destroyed by centrifugation. The mother liquor containing the residual amount of copper ions was analyzed by atomic absorption spectroscopy, and the precipitate, by X-ray diffraction analysis (data not shown). The X-ray diffraction pattern of the precipitate revealed the formation of a phase of metallic copper free from impurities. The residual copper concentration in the mother liquor did not exceed 2.0 mM (2.0 mol % of the initial copper amount), while the sol was destroyed incompletely. Thus, the reduction The sols with the copper concentration of 0.1 M, prepared under optimal conditions as described above, were analyzed by transmission electron microscopy (TEM) and selected-area electron diffraction (Fig. 7) . These examinations revealed that the particles synthesized were of predominantly polyhedral shape, with six poorly defined facets, having an average size of 44±16 nm. Moreover, a thin (2-3 nm) film can be recognized on the surface of selected particles, which appears to be a gelatin layer preventing oxidation and aggregation of the particles synthesized.
Thus, we have examined the influence of the reaction temperature and of the nature, concentration, and ratio of reactants on the reduction of aqueous solutions of copper(II) sulfate with hydrazine in the presence of ammonia and gelatin. The principles for controlling the optical properties of the nanoparticles being formed by simply tuning the reaction parameters have been established. A facile and effective method for the synthesis of concentrated (up to 0.4 M) copper hydrosols has been developed. Optical spectroscopic and transmission electron microscopic examinations have revealed that the hydrosols prepared under the optimal conditions contained metallic copper nanoparticles stabilized with a gelatin layer.
EXPERIMENTAL
We used chemically pure or ultrapure grade chemicals without further purification and gelatin (Sigma-Aldrich) with bloom strengths of 60, 180 and 250 g/cm 2 . All the solutions were prepared just before the experiments using deionized water (ρ ≈ 10 MΩ cm).
Optical absorption spectra in the 300-800 nm range were recorded on an Evolution 300 (Thermo Scientific) instrument in a 1 cm quartz cell. In view of high absorbance of the sample the sols were diluted 150-fold with a weak (0.05 M) hydrazine solution. The data (an average of 5-12 parallel experiments) were presented as optical spectra and plots of the parameter b and SPR peak position against the synthesis conditions. The copper concentration in the solution was determined by atomic absorption spectroscopy on an Analyst 400 (Perkin Elmer, US) instrument. The nanoparticles were precipitated from the sol by centrifugation on a Centrifuge 5415 D ultracentrifuge (12000 rpm, 30 min). X-ray diffraction analysis of the resulting precipitate was carried out on an X'Pert PRO (PANalytical, the Netherlands) instrument.
The TEM examinations were performed on a JEM-2100 (JEOL, Japan) microscope at accelerating voltage of 200 kV. The sols were purified by precipitation on the ultracentrifuge (9000 rpm, 6 min), whereupon the mother liquor was decanted, and the precipitate was redispersed in 0.05 M hydrazine solution, which procedure was repeated three times. A drop of the purified hydrosol was deposited onto a carbon filmcoated copper grid and dried at room temperature. The average particle size was determined by analyzing 1000 particles with the use of a series of TEM images. Method of preparation of concentrated copper hydrosols. 10 mL of copper(II) sulfate [с Cu(II) = 0.01-1.50 M] and 10 mL of gelatin (с gel = 1-10 wt %) were mixed, after which pH was adjusted to the predetermined pH = 4-10 with an ammonia solution using a Multitest IPL-103 pH meter. Thereupon, hydrazine solution (c = 0.1-2.0 M) was added quickly, and the resulting mixture was heated on a water bath (24-100°C) for 1 h.
